Pancreatic carcinomas can be induced in rat, guinea pig and hamster by a variety of carcinogens. The types of neoplasms which arise vary with the species of rodent. In the rat, they consist exclusively of acinar cells, in the other species the lesions are adenocarcinomas resembling those derived from pancreatic ductules and ducts, those in hamster more so than in guinea pigs. Careful sequential studies in the guinea pig and hamster suggest that acinar cells together with ductular and duct cells are involved in the genesis of duct adenocarcinomas. In each rodent model, the acinar cell appears to be quite sensitive to continued exposure to carcinogen. In each instance, acini undergo modulation, and in the guinea pig and hamster, permanent metaplastic transformation to ductlike structures. Such cells assume an enhanced capacity for cell proliferation which persists following cessation of carcinogen treatment. Other studies suggest that adult pancreatic acinar cells possess a surprising degree of plasticity. Their involvement in the pathogenesis of neoplasms resembling pancreatic ducts is not unlike other carcinogenic sequences where extensive cell modulation and metaplasia precede and are an integral part of the neoplastic transformation.
Introduction
In recent years there has been considerable progress in experimental pancreatic carcinogenesis research involving basically three rodent animal models, the rat, guinea pig and Syrian golden hamster. Initial carcinogenesis studies involved implantation of 7,12-dimethylbenzanthracene (DMBA) crystals (1) or DMBA in dextrose pellets (2) into the pancreas of Sprague-Dawley rats. Pancreatic adenocarcinomas consisting of acinar cells developed, on the average, in about 200 days following implantation. Later workers administered carcinogenic substances such as 4-hydroxyaminoquinoline-i-oxide (4HAQO), a carcinogenic metabolite of 4-nitroquinoline-1-oxide (3), azaserine (4) , and the hypolipidemic drugs, nafenopin (5) and clofibrate (6, 7) , and N5-(N-methyl-N-nitrosocarbamoyl)-L-ornithine (MNCO), a methylnitrosourea amino acid (8) , systemically, and induced both acinar cell adenomas and adenocarcinomas. Although the rat model has been quite useful, the pancreatic neoplasms they develop do not resemble those that constitute the most common type encountered in humans, namely ductal adenocarcinomas. In the case of the guinea pig, pancreatic adenocarcinomas were induced by the prolonged administration of N-methyl-N-nitrosourethane (MNUT) (9) in drinking water, or N-methyl-N-nitrosourea (MNU) by intra- gastric gavage weekly for 28 weeks or more (10) . A variety of N-nitrosamines derived from 13-oxidation of N,N-dipropylnitrosamine induced pancreatic ductal adenocarcinomas in the Syrian golden hamster. Chemically induced pancreatic cancer in both species are morphologically and biologically quite similar to those of man (10) (11) (12) (13) (14) (15) (16) (17) . These various models are summarized in Table  1 . The studies to be reviewed in this communication will detail certain aspects of the pathogenesis of pancreatic cancer in them.
Histogenesis of Chemically Induced Pancreatic Cancer in Various Rodent Species
Rat and Guinea Pig
In both the rat and guinea pig, the pancreatic acinar cell appears to be singularly susceptible to carcinogenesis regardless of the carcinogen employed. Three different carcinogens-4HAQO, (a hydroxylated metabolite of 4-nitroquinoline-l-oxide), DMBA (a polycyclic hydrocarbon), and azaserine (a diazoketone)-all induce acinar cell adenomas and carcinomas in rat pancreas. Since the lesions induced by these carcinogens appear to be strikingly similar (1, (3) (4) (5) , if not identical, the histogenetic sequence that follows may be considered as applying to all of them. The lesions begin as localized A second feature of acinar cell carcinogenesis which is both unexpected and interesting is a modulation of acinar cells to phenotypes that morphologically closely resemble ductular elements of the pancreas. Such changes have been encountered in the rat with DMBA (1,2), azaserine (4) , and in the guinea pig with 4HAQO and MNU (10) . 4HAQO, nafenopin, clofibrate and MNCO apparently do not induce the development of the ductular phenotype from acinar cells in the rat. The changes consist of dilatation of acini which progresses with continued exposure to carcinogen and is accompanied by shedding of apical cytoplasm and variable loss of zymogen granules (Fig. 4) . These alterations begin early and persist throughout tumorigenesis. They may be sufficiently pronounced so that definitive diagnosis of the neoplasms as acinar in origin may be difficult, leading some investigators to comment and speculate on their histogenesis (1,2,4,). The changes which have been variously referred to as pseudoductular or dediffer- entiation clearly represent a stable cell modulation in response to carcinogen. In the guinea pig, ductular morphology of the carcinomas is more consistent and marked than in the rat, and in this respect, closely resembles true ductular and ductal adenocarcinomas (Fig. 5) . However, their acinar cell derivation is apparent by the presence of zymogen granules in precursor lesions including severely atypical ones (10, 19) . Their involvement and ultimate fate in pancreatic carcinogenesis in the guinea pig is not entirely established because the chemically induced pancreatic carcinomas do not appear to retain the capacity to synthesize and store zymogen granules.
Hamster
In the hamster, exposure to pancreaticotropic N-nitrosamines leads to the development of ductal adenocarcinomas almost exclusively. Their histogenesis appear to be somewhat more complex than pancreatic cancer in the rat and guinea pig and have been the subject of much study and controversy. Before beginning on the details of the development of chemically induced ductal carcinomas in the hamster, it should be noted that in contrast to the situation with the carcinogens which induce pancreatic cancer in the rat, much is known about the metabolism of those that are carcinogenic for hamster pancreas (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . The initial and most detailed histologic descriptions ofN-nitrosamine induced pancreatic carcinomas in hamsters document that they are adenocarcinomas (Fig. 6 ) that closely resemble the ductular and ductal pancreatic cancers of humans (32) (33) (34) (35) . Sequential studies ofhistogenesis (35, 36) , which are essentially in agreement, identified a number of early lesions which appeared first in common duct epithelium consisting of hypertrophy, hyperplasia and metaplasia. As these progress, the lesions become papillary, often filling the lumen. Eventually, such epithelial lesions evolve into in situ, and invasive adenocarcinomas. A similar sequence is also observed in the main and secondary pancreatic ducts (Fig. 7) . Ductular lesions consist of proliferative epithelium which undergo increasing atypia and finally neoplastic transformation with coalescence into malignant multiductular complexes. In one study (35) , proliferation of islets, and the consistent appearance of ductules within and around them were identified (Fig. 8) . These ductules eventually underwent malignant change. In a subsequent communication (37) considerable emphasis is placed on the role of islets in the genesis of pancreatic ductal adenocarcinoma in the hamster. It has been suggested that the response of islets to the pancreatic carcinogens BOP, BHP and DMNM is through the common metabolite HPOP' (21, 22) . This is presumably because HPOP exists in two tautomeric forms, one of which is cyclic, closely resembling the pyranose form of hexose sugars (22) , which is thought to be preferentially bound and taken up by islets in contrast to other pancreatic cells. Recent studies in our laboratory investigated this possibility. A comparison of 14C-HPOP uptake by isolated islets with that of acinar cells from hamster pancreas, and the competitive effect of 3H-3-0-methyl glucose (3H-3-OMG), an analog of glucose which is not metabolized, are shown in Table 3 . The results show that the uptake of HPOP by islet cells is equal to that by acinar cells. HPOP uptake by acinar cells is inhibited about 1.6 times more by 3-OMG than is its uptake by islet cells. Although competitive inhibition by 3-OMG supports the notion that HPOP probably enters both islet and acinar cells by the same transport mechanism as does glucose, there appears to be no evidence for its preferential uptake by islet cells. An elegant study (38) in which 3HDMNM was localized in hamster pancreas by ultrastructural autoradiography has shown label in both acinar and duct epithelial cells. In subsequent experiments (30) we corroborated and extended these findings by demonstrating that all the component cells of pancreas can metabolize DMNM, and that acinar and islet cells do not differ quantitatively in their capacity to do so. The following, when coupled to the fact that islet cells represent only about 1.7% of the total cell population of rodent pancreas as contrasted with 82% for acinar cells (39) , tends to lessen the probability that islet cells are important in pancreatic carcinogenesis. An attempt (40) to establish that FIGURE 9 . Pseudoductules arising from acini in hamster pancreas 3 weeks after administration of 50 mg/kg of DMNM. A facet of pancreatic carcinogenesis in the hamster which has intrigued us was the early appearance of pseudoductular change (Fig. 9 ) involving acinar cells (36) . The sequence of morphologic changes are identical to those encountered in acinar cells of rat and guinea pig pancreas. As has been shown in the guinea pig (19) , these alterations are accompanied by enhanced DNA synthesis and acinar cell replication. Although, some acinar cell proliferation may be in response to cell death due to the toxic effects of the carcinogen (42), it cannot account for the sustained proliferation that is seen in the hamster model during carcinogenesis (36, 41) . Their augmented proliferation is probably due to their adaptation to the toxic and growth suppressive effects of carcinogen, a phenomenon that has been well established when cells are chronically exposed to carcinogenic compounds (43, 44) . It is also noteworthy that increased growth of acinar cells that have undergone pseudoductular change continues long after treatment with BOP has been stopped (36) , suggesting that although they are not yet neoplastic cells, they have been significantly and perhaps irreversibly altered. Further, their enhanced sustained replication renders them much more sensitive to the effects of carcinogens than more quiescent cells of the pancreas. Attempts in our laboratory to unequivocally establish by morphologic means that pseudoductules derived from acini undergo malignant change and become ductal adenocarcinoma cells have not been unequivocally convincing. However, recently a series of detailed and systematic studies utilizing electron microscopy have clearly documented that acinar cell-derived pseudoductules do ultimately become malignant (45) (46) (47) .
The histogenesis of pancreatic cancer, as noted earlier, involves not only pseudoductules derived from acinar cells which coalesce into adenocystic complexes that subsequently undergo malignant change, but also the epithelium lining the major pancreatic duct and its branches. Thus, several somewhat different developmental pathways appear to be operative in the genesis of ductal adenocarcinoma in the hamster pancreas. One pathway involves modulation of the highly differentiated acinar cell to the less specialized ductular cell. In the second, the duct cell is the direct target of the carcinogen. In this regard, it should be noted that carcinogen not only enters duct cells from the blood but that they are also exposed to active forms of the carcinogen present in the pancreatic juice (21), presumably released from acinar cells. Recently we decided to approach the question of histogenesis by exploiting an interesting characteristic of pancreatic regeneration in the hamster, namely that the bulk of the regenerative response appears to be due to the proliferation of acinar cells (48) . A comparison of DNA synthesis as measured by incorporation of 3H-thymidine in the various cells of the pancreas during regeneration is shown in Table 4 . This is an excellent model with which to test whether acinar cells are involved in the genesis of pancreatic ductal cancer since the replicating acinar cells are much more sensitive to the effects of a carcinogen. Accordingly, BOP was injected 60 hr after regeneration was initiated, when 22% of acinar cells are in S phase of the cell cycle, representing an almost synchronous wave of DNA synthesis. Such treatment led to more than a 50% increase in tumor incidence over that in a control group in which an identical dose of BOP was administered to animals in which pancreatic injury and subsequent regeneration were not induced (49) . Even more significant is the fact that the most common lesions encountered in the animals exposed to carcinogen during pancreatic regeneration were acinar-derived pseudoductules and cystadenomatous complexes, and that the neoplasms induced were exclusively ductal adenocarcinomas. It is noteworthy that these cancers developed in animals in whom the cell at greatest risk for carcinogenesis in the regenerating pancreas model was the acinar cell.
Plasticity of Pancreatic Acinar Cells
In the foregoing brief review of chemical carcinogenesis of the pancreas, the acinar cell has emerged as a common denominator. In each of the rodent species considered, the highly specialized acinar cell responds to the injurious effects of carcinogen by changing to a phenotype closely resembling the less differentiated ductular cell. In the hamster, pseudoductules form quite readily following even relatively minor damage such as mild crush injury, and therefore may represent a nonspecific reaction to sublethal damage. Although, the long-term stability of the change remains to be unequivocally established, experimental evidence to date suggests that it may be protracted. Pseudoductules induced by crush injury have been found to persist for as long as 3 months (Rao and Scarpelli, unpublished observations). Conversions of one cell type to another in the adult organism are well documented and frequently encountered in a variety of pathologic conditions. Such an alteration in differentiation is referred to as metaplasia, and almost always involves the conversion of a highly specialized cell to a less specialized one. For example, the change of mucus-secreting goblet cells in bronchial epithelium to less specialized squamous epithelial cells in the lungs of heavy smokers. Thus, the conversion of an acinar cell to a ductular one should not be surprising. It (51, 52) . In an effort to establish the pancreatic cell from which hepatocytes originate, acinar cell atrophy was induced by ligation of one of three segments of the hamster pancreas. In this model, ducts and islets in the ligated segment remain relatively unchanged. Animals prepared in this way were subjected to the protocol for induction of hepatocytes in pancreas. Liver cells were induced in the normal segments of the pancreas but were absent in the atrophic one-strong support that the hepatocytes are derived by redirected differentiation of acinar cells (unpublished observations, Scarpelli and Rao.)
The induction of hepatocytes from adult acinar cells raises some interesting questions about gene stability and expression in the adult state. Current dogma holds that in embryonic development, cells lose their extensive potentialities and become fixed to a specific pathway of differentiation known as determination (53) (54) (55) . Although determination occurs at different times during development, it is generally considered to be fixed relatively early. How then can an adult acinar cell, presumably determined early in its developmental history, undergo a complete switch of differentiation and assume many of the structural and functional characteristics of an apparently differentiated liver cell? Since it apparently requires cell replication for the change to occur, it may mean that switching off pancreas specific genes and activation of liver specific ones can only occur when DNA is less condensed and exposed as it is in S phase of the cell cycle. Is 
